A quasihydrogenic complete diamagnetic manifold is investigated experimentally. The spectra are obtained in a uniform magnetic field by exciting in a one-step process, using polarised laser light, the lithium atoms of an atomic beam. The whole structure of the M = 0 odd diamagnetic multiplet has been recorded for the first time. This experiment provides a confirmation for the existence of the two classes of states predicted for the diamagnetic Hamiltonian of atomic hydrogen in the weak-field limit. The fundamental features of diamagnetism still subsist for such high field strengths so that the diamagnetic interaction cannot be regarded as a perturbation with respect to the Coulomb problem. The intermanifold coupling and the influence of effects due to the ionic core in the lithium atom are evaluated quantitatively.
Introduction
During the last few years, a great deal of attention has been paid to the investigation of the atomic hydrogen spectrum in the presence of a static magnetic field B (see, for example, and references therein). The nucleus of the hydrogen atom is taken to be dimensionless, of infinite mass and to be located at the origin of the coordinates. Furthermore, the relativistic effects are completely disregarded. When B is directed along the z direction, the corresponding Hamiltonian is as follows, in atomic units: H , = t p ' -11 r +;yL, + $ y * ( x 2 + y') = H,+ Hp + Hd.
(1) This expression includes the paramagnetic H , and the diamagnetic Hd terms. The magnetic field strength is expressed in terms of y = B / B,, where B, = 2.35 x lo5 T.
This system possesses symmetry of revolution around the field direction. Thus the component L, of the orbital momentum L in the field direction is an exact constant of the motion. In a subspace of given M, the paramagnetic interaction only introduces a global shift of t y M in the energy and can therefore be disregarded. different states of a given manifold can be classified according to the sign of the constant of motion A. The existence of these two different types of dynamics for the electron motion has been confirmed experimentally in the analysis of the diamagnetic structure for odd Rydberg states of lithium; the change in behaviour has been correlated with the change in sign of A, whose values were deduced from the experimental measurements of spectra (Cacciani et a1 1986a , Liberman et a1 1985 .
The aim of the present paper is to lay out the fundamental features responsible for the diamagnetic structure. The theoretical analysis deals with the hydrogen atom in the limit of vanishingly small magnetic field strength. The experimental data are obtained for a lithium atom subjected to small, but not negligible, field strengths; such a situation involves additional phenomena associated either with the non-Coulombic core effects or with the inter-n mixing effects. A high-resolution spectroscopy experiment has been developed. It is performed on an atomic beam of lithium, excited in a one-step process to odd Rydberg states with M = 0, *1 in the presence of a magnetic field (see 0 2). For odd states of lithium, quantum defects are equal to or smaller than 6, = 0.053, which confers on the atomic system in question a structure very similar to that of the hydrogen atom. However, to get a still more hydrogenic situation, a complementary experiment has been carried out. It consists of a two-step excitation process populating even states with M = i l and +2.
Our experimental results, obtained for B intensities up to 5 T and for n values of about 30, cover the 'weak-field region' and part of the 'n-mixing regime'. Our methods of analysis of these spectra are presented in 5 4. In addition to the strict comparison between experiment and theory, our results provide further information, in particular about lithium core effects and n-mixing interactions. All these results are discussed in detail in § 5 , where a great deal of attention is paid to making quantitative estimates for the different implied effects.
The experimental set-up
The experimental set-up built for the. analysis of Rydberg states of atomic lithium in the presence of a uniform B field has been designed to control accurately all the geometric parameters and to give recordings of high resolution. These considerations have led to the development of the experimental scheme presented in figure 1 and described in the following sections.
The atomic beam of lithium
The alkali atom of lithium is chosen because it can easily be prepared in an atomic beam, and because its odd states correspond to a quasihydrogenic system. Its ground configuration is ls22s and the quantum defects of the 1 states can be neglected as soon as 12 2 ( 8 , = 0.399, 8, = 0.053 and Sd = 0.002).
The lithium atomic beam comes from a molybdenum oven heated to 600 "C. The beam is collimated by a cooled diaphragm and the first condenser plate of the interaction [ Amplifier region. The collimation ratio is about 300: 1 and the mean velocity of the atoms is about 1700 m s-'. In these conditions the residual motional electric field in the direction perpendicular to the beam is 60 mV cm-' for a magnetic field strength of 1 T. The density of atoms is about lo7 atoms/cm3.
The excitation process and the laser system
The one-step excitation process from the ground state 2s allows the investigation of the p component in the wavefunctions of the excited odd states. The choice of T or U ( U = U + + U -) polarised light selects M = 0 or M = +1 states. Since M is an exact quantum number, the groups of states with M = +1 and M = -1 do not interact. Their energies only differ by the paramagnetic term -hw,/2 for M = -1 and +hw,/2 for M = f l , which leads to two identical spectra, shifted by the quantity hw, (where w, is the cyclotron frequency). The required wavelength for excitation lies in the uv range (230 nm). It is obtained by frequency doubling and mixing of yellow radiation (590 nm) coming from a c w commercial laser, in which double excitation is performed (figure 2):
(i) c w excitation of a dye jet by an ionised argon laser, (ii) pulsed excitation of a dye cell by a small fraction (-2.5%) of the total power delivered by a frequency doubled Nd:YAG laser (repetition rate 10 Hz, pulse duration 10 ns). The frequency locking of the pulsed laser emission by injection of the weak single-mode tunable c w radiation leads to remarkable properties for the output pulsed beam: 1 kW peak power and 55 MHz spectral width (Liberman et a1 1983 , Cabaret 1982 .
After amplification and frequency doubling, the radiation obtained (295 nm) is mixed with the fundamental frequency of the Nd:YAc laser (1.06pm). Because of the relatively poor spectral quality of the I R beam, the spectral width of the resulting uv radiation (230 nm) is limited to 1 GHz, which is, in fact, sufficient resolution for our experiments. Finally, the useful radiation has 20 kW peak power and its frequency is continuously tunable over 600 GHz.
An absolute wavenumber calibration of our experimental spectra is obtained by simultaneously recording the molecular iodine absorption spectrum (Gerstenkorn and Luc 1978) . The uncertainty in the energy spacing between two lines is equal to 240 MHz.
Finally, it can be seen that the uv radiation intensity is not constant in time: it can vary slowly during long recordings or it can fluctuate from pulse to pulse. Normalisation of the observed signal is then necessary and the measurement of a reference signal, proportional to the uv intensity, is carried out for each laser pulse.
The two-step excitation experiment leading to the excitation of quasihydrogenic even states with M = *l, 1 2 is carried out as described below.
(i) The first step uses U polarised red radiation (620nm) from a c w commercial dye laser. Its spectral width is a few MHz. At the magnetic field strengths used, the nuclear magnetic momentum I and the total electronic momentum J are totally decoupled. Furthermore, the 2s-2p transition is fully governed by the Paschen-Back effect decoupling the electron spin and orbit momenta leading to magnetic sublevels of the type 12pMMs). The magnetic field strength and the spectral width of the first step radiation are sufficient to populate a single sublevel selectively. By using cr polarised light, by tuning and then by servo-locking its frequency, the first step populates a well defined 12pM = 41) substate.
(ii) The second step uses U or 7~ polarised blue radiation (365 nm) coming from a laser system similar to the previous one, after frequency doubling of the red radiation. The peak power is 50 kW and the spectral width is 100 MHz, which allows higher resolution recordings to be obtained.
The magnetic jield
The magnetic field is produced by a particular superconducting magnet arrangement. It is composed of a pair of superconducting Helmholtz coils to ensure a good homogeneity of the field ( A B I B G low4 in a 1 cm3 volume) and easy access in all three directions. The magnetic field is directed parallel to the average direction of propagation of the lithium atoms in order to avoid motional electric field effects. The maximum magnetic field strength is 6 T, which corresponds to a nominal intensity in the coils of I = 153 A and a stored magnetic energy of about 200 kJ.
The B strength is determined with an accuracy of 0.5%. This is achieved by measuring the energy spacing hw, in the recordings realised with cr polarised light.
The detection
The electric field ionisation detection method is well adapted to our experiment. It produces electrons which are accelerated under high voltage (10 kV) and detected by a surface barrier detector, whose prevalent characteristic is to be insensitive to magnetic fields. In optimum conditions the signal/noise ratio can be as high as a few thousand.
The detector is located on the axis of the atomic beam (cf figure 1) and must be protected from corrosion by lithium atoms. This is done by putting a gold-coated collodion thin film in front of the detector.
Finally, it is to be noticed that the vessel vacuum must be good enough (pressures lo-' Torr) to avoid parasitic Penning discharges induced by simultaneous static high voltages and magnetic fields.
The signal treatment
A numerical system, composed of a digital oscilloscope coupled to a microcomputer, ensures the data acquisition, storage and treatment.
The detector response signal and the reference signal, proportional to the uv intensity, consist of pulses of a few hundred nanoseconds width. They are produced with a 10 Hz repetition rate and require synchronous detection. Both channels of the digital oscilloscope allow the visualisation of these signals and their preliminary treatment: sampling (with 10 ns duration steps), digitisation, averaging over 1.6 s (16 laser shots).
The wavenumber calibration signal (molecular-iodine absorption spectrum) is continuous; it is received on an analogue-digital converter and its value is read each 1.6 s.
The acquisition period of 1.6 s is quite well adapted to describe the phenomena, the uv laser frequency being continuously swept with a mean rate of 0.02 cm-' s-'.
Management of the data collection, storage and numerical treatment (normalisation to the reference signal) are carried out by the microcomputer. From the juxtaposition of several recordings, one obtains screen visualised or graphical normalised spectra, with a calibrated wavenumber scale and continuously drawn profiles. These spectra do not present any background signal at non-resonant frequencies and a typical noise level can be estimated from figure 13. Each recorded spectrum is then characterised by the absolute energies of its structures, the energy spacing between lines and the oscillator strength repartition among the components. All this information will be used in 0 5 where some of our spectra are presented. In the weak-field limit ( 7~' '~ << l), first-order perturbation theory leads to the diagonalisation of the matrix of p 2 on the basis of the unperturbed states InlM) with fixed n, T , and M values. It totally removes the degeneracy of the manifold of the hydrogen atom and leads to y2-independent eigenvalues ( p'). The eigenstates of H, are labelled InT,KM), where the numbering K integer increases with decreasing energy. This notation was used by Delande and Gay (1986b) .
Approximate constant of the motion
The evidence for the existence of an approximate integral of motion for the hydrogen atom in a magnetic field in the 'weak-field limit' has been pointed out by Solov'ev (1981 Solov'ev ( , 1982 in the framework of classical perturbation theory. The electron motion splits up into a rapid motion along an unperturbed elliptic trajectory and a slow variation of the parameters of the ellipse under the action of the diamagnetic perturbation. The constants of the motion for the classical Coulomb problem are the unperturbed energy Eo = a-' ( a being the major axis), the angular momentum L perpendicular to the orbit plane and the Runge-Lenz vector A A = L x p + r / r .
( 3 ) A is directed along the major axis of the Kepler ellipse and its modulus is equal to the eccentricity. For a weak magnetic field directed along the z axis three independent integrals of motion exist. The first M is an exact one. The other two Eo and A are only approximate; they are conserved with an accuracy of B4. A is equal to In quantum mechanics, as long as states with the same n value are involved, the two operators p2 and t n 2 ( n2 + Lf + 3 + n2A) are equivalent. Therefore the total energy is equal to
E is directly related to the A value.
As A' remains smaller than 1 -M 2 / n 2 , the A values are restricted io the interval
The A vector is bound by a sphere s centred at the origin and of unit radius. For a given diamagnetic state, the extremity of A moves slowly on the surface A=constant. Depending on the sign of A this surface is either a onefold (A>O) or a twofold (A < 0) hyperboloid h of revolution around the z axis (figure 3 ) . The value A = 0 corresponds in space to the double-cone R, defined by cos2 Bo = 2.
This limiting condition, which is independent of n (or of the electron energy) and of y (or of the magnetic field strength) ensures the uniqueness of the diamagnetic structure in the weak-field limit. This remark leads us to define two different classes of states: class I which corresponds to -I 6 A, 6 -T ( 0' S 0 s T ) and class I1 which corresponds to T s A, s I ( O s 0 s Ol). On account of symmetry, states of classes I and I1 are degenerate in pairs. The A vector, and therefore the classical motion of the electron, is stretched along the B direction; as a result, these states having small mean values ( p ' ) appear in the low-energy part of the hydrogenic diamagnetic manifold (cf figure 3 ( 
ClassiJication

b ) ) .
A positive value of A (0 < A c +4) is associated with one single sheet c ; then the limiting values taken by 0 or A,, during the evolution of A, are of the same nature: they correspond to the A extremity located at the intersections between the sphere s and the sheet c. These ordinates are equal to I and -I ; therefore -I s A, s + I and e3 s 0 s O4 with O3 > Oo and O4 = T -03, O4 < T -Bo. By definition, such states belong to class 111; in this class odd and even states alternate with a nearly equal spacing. The classical motion of the electron is close to the z = 0 plane; consequently these states correspond to large mean values ( p ' ) and make up the high-energy part of the hydrogenic diamagnetic manifold.
It is to be emphasised that the present distinction between three different classes of states according to the nature of the extreme positions for A, or 0 (but not according to the type of sheet a, b or c swept by the extremity of A ) seems at first glance somewhat complicated. However, this definition will be justified in the next paper (Cacciani et a1 1988a) where the present analysis is extended to the situation in which an additional electric field F is applied in the B direction. In this new problem the symmetry with respect to the z = 0 plane disappears and the three classes of states observed in a given manifold can no longer be characterised by the sheets a, b or c ; only a classification based upon the nature of the 0 or A, limiting values is meaningful.
Semiclassical quantisation for the A constant
The semiclassical quantisation rules of Bohr and Sommerfeld allow us to find the quantised values for the constants of motion. Two of them, Lz and E o , lead to obvious results: M is an exact quantum number and Eo= -1/2n2 is the unperturbed energy. The calculation of the quantised values of the approximate constant of motion A has been presented by Solov'ev (1981 Solov'ev ( , 1982 . This formulation leads to the choice of 0, the angle between the B and A vectors, as the generalised coordinate. The corresponding generalised conjugate momentum is L,( e), the component of the angular momentum L in the direction perpendicular to the plane containing A and B. For M = 0 states, L,(B) is directly related to A ; indeed:
ILL( e)l= n ( 1 -The evolution in time of the A vector along one sheet of the hyperboloid by the equation
Restricting ourselves to positive values for L,( e), the Bohr-Sommerfeld quantisation rule takes the following form
in which k is an integer. Equations (6)- (8) implicitly determine the eigenvalues for the constant of the motion A, termed AJH). These values represent the reduced energies (see equation ( 5 ) ) for the states of the 'ideal' diamagnetic n manifold in the weak-field limit: in this calculation, couplings induced by the diamagnetic interaction between states belonging to different manifolds are completely disregarded. Furthermore, within an isolated n multiplet, the couplings between states belonging to different classes are neglected. As a result, the quasiclassical approximation leads to exactly doubly degenerate states in classes I and 11. In a quantum treatment, classes I and I1 are coupled through tunnelling from sheet a to sheet b, then the doublet degeneracy is split up. Furthermore, the accuracy of the quasiclassical quantisation integrals decreases regularly as the states approach the separatrix A = 0 which behaves as the top of a potential barrier. The calculation of the AJH) integrals is described in great detail in another paper (Cacciani et a1 1988a) . The integral (8) represents the area in phase space enclosed by the contour %' , the total area of phase space being equal to n.rr. This total area is divided into three parts, filled respectively by the NI, NI, or NI,, states of the three classes I, I1 and I11 (with N , = Nil) and located in the three 0 domains [ .rr -On, T I , [0, e,] and [ B o , T -e,] . Each component of the manifold can be identified by the k value occurring in the semiclassical quantisation rule (8) and by the swept 0 domain. 
With regard to the low-energy odd states (A < 0) of the manifold, they correspond to the successive k values k = 0, 1,2,3, . . . in order of increasing energy, the lowest state located along the z axis ( 8 --0 or 6 = T ) corresponding to k = 0. The number of low-energy odd states is equal to
Consequently, this suggests that the high-energy states of the odd n manifold should be referred to the quantity x = (k + f)/ n (k = 1,3,5) and the low-energy states to the quantity x = 1 -2 ( k + b ) / n ( k = 0,1,2,3, . . .). In this way one obtains an n-independent coordinate x, belonging to the interval IO, 1 [, the highest (respectively lowest) state corresponding to x = 0 (x = 1). The limit between the two classes,defined by A = 0, is related to xo = ( T -26,)/ +rr = 0.704.
The numerical A,(H) values obtained for the odd-parity states of several consecutive manifolds ( n = 30,31,32) are plotted against the above-defined x coordinate in figure  4 . All the values lie on a single curve passing through zero for x = xo, which illustrates the uniqueness of the structure of the diamagnetic multiplet.
To compare the 'ideal' structure for the hydrogen atom in the weak-field limit with experimental results, we have developed various methods for analysing our spectra. They are described in the next section. for Aq > 0, and x = 1 -2( k + f ) / n for Aq < 0. k is the integer appearing in the quantisation integral (equation (8)). 0 , n =30; +, n = 31; 0, n =32.
Methods for analysing the experimental results
The information directly derived from experimental spectra are the absolute wavenumbers of the lines, the energy spacing between them and the intensity repartition among the components of a given structure.
We also have available numerical results obtained by diagonalisation calculation of the matrix of the diamagnetic Hamiltonian, where the lithium core effects are taken into account. Radial wavefunctions, specific to lithium, are determined by solving the Schrodinger equation in the central potential determined by the parametric-potential method (Klapisch 1971) . Furthermore, several manifolds are introduced in the basis; therefore n-mixing effects are partially taken into account in the calculation. The experimental energies and intensities for the transitions agree well with the calculated ones.
In the experimental conditions ( B = 1.5 T, n = 30) the 'inter-l mixing' regime prevails with respect to the lithium core effects and to the n-mixing interaction. To analyse the fundamental diamagnetic features of a recorded (n, M, B ) odd manifold of lithium, an attempt has been made to reach reduced quantities AK for each component, in order to compare them to the 'ideal' quantities Aq( H)K, representative of the hydrogen atom in the weak-field limit. This can be carried out in different ways.
(i) The simplest way is to deduce reduced energies from the experimental absolute energies by using equation (5), but the calculated quantities A,,(Li)K are not very significant because equation ( 5 ) does not take into account core effects.
(ii) The above-mentioned diagonalisation calculation, including inter-n mixing effects, gives eigenvectors for the states of a given lithium manifold. One can thus deduce the Avp( Li)K quantities which are the mean values of the A = 4A2 -5 A i operator.
(iii) In the same way, the quantities A,,(H), are the mean values of the A operator for eigenstates obtained from diagonalisation calculations performed on hydrogen and using a basis including the same multiplets as the basis used for lithium.
Note that, for vanishingly small B field, A,,(H), and Aq(H)K are identical. Then, the quantities
can give an evaluation of the repartition of the n-mixing interaction, which occurs for a finite magnetic field B, among the K components of the studied manifold.
In the same way, information can be obtained concerning the non-Coulombic interaction on each component, by calculating the quantities:
Examples of such analyses are given in § 5.
One of the crucial results of this work is the demonstration of evidence for the existence of two different types of behaviour in the diamagnetic manifold. These two types of behaviour are evident from the study of the A,,(Li)K values and signs. Furthermore, they show up strikingly in the variation of the energy spacing between neighbouring components.
Experimental results
Two typical recordings, obtained in 7~ and U polarisation, are shown in figure 5. The successive manifolds do not overlap and the B strength is sufficient to resolve all the different components.
In the 7~ polarisation spectrum, the oscillator strength repartition is such that the whole structure of the odd diamagnetic M = 0 manifold of lithium can be observed. The energies are referred to the zero-field ionisation limit. The acquisition technique differs from that described in 0 2.5: the filtered signal comes from a boxcar integrator, which leads to smoothed spectra.
The spectrum obtained in (+ polarisation is more complicated because of the contribution of the paramagnetic interaction. The oscillator strength repartition makes only the most excited components visible.
Structure of the M = 0 odd diamagnetic manifold of lithium
The spectrum, presented in figure 6, gives the first experimental recording of the complete resolved structure of an odd diamagnetic manifold of lithium. Its characteristic features have already been reported (Cacciani et al 1986a) but a more detailed analysis is presented below.
General properties.
An examination of the structure of figure 6 shows that the energy spacing between components shows a singular behaviour: it first decreases for K = 15 to 11 and then increases. This phenomenon is associated with a change in the intensity repartition: first a rapid decrease and then a smooth variation. This peculiar repartition of the energies is shown in figure 7 where the experimental line spacings are plotted against K. This evolution is shown by the full curve, which presents a singularity between K = 11 and K = 10.
This singularity is not linked to lithium core effects since it also appears for line spacings calculated by diagonalisation for hydrogen (broken curve on figure 7). Note that both curves are slightly different for the highest K values, which correspond to the most intense lines, and therefore to the states which present the largest nonCoulombic character.
This singularity is a typical effect of diamagnetism. It is evidence for the existence of two different types of behaviour for the states of a given odd M = 0 manifold. This phenomenon can be linked to the sign of the reduced energies A K .
Reduced energies A K . We have calculated the quantities Rq( H)
Av,,(Li)K and A,,(H), corresponding to the odd n = 30, M = 0, B = 1.65 T manifold, as described in § 4.
For each K label, these values are very near to each other which means that the lithium core effects and the n-mixing interaction are very weak. Furthermore, the change in the sign of A K values systematically takes place between K = 10 and K = 11 as shown in figure 8. The singularity in energy spacing between consecutive components of the odd n = 30, M = 0, B = 1.65 T diamagnetic manifold of lithium is obviously linked to the change in the sign of A, which gives the experimental confirmation for the existence of two classes of states. This spectrum is then an illustration of the theories developed for the diamagnetism of the hydrogen atom in the weak-field limit.
5.1.3.
Oscillator strength repartition. The intensity distribution experimentally observed among the components is confirmed by the diagonalisation calculation performed on lithium ( figures 9( a ) , ( b ) ) . Comparison with the corresponding calculated spectrum for hydrogen ( figure 9 ( c ) ) shows the influence of the perturbation arising from the lithium core effects: the less excited states (high K values) present the largest nonCoulombic character (cf § 5.1.1).
5.1.4.
Evolution of the structure of the odd n =30, M = 0 diamagnetic manifold of lithium with increasing B strength. The general characteristics of the structure are conserved when the B intensity increases, as shown in figure 10 . The oscillator strength repartition among the 15 components presents the same features and the minimum energy spacing between consecutive lines subsists between the K = 10 and K = 11 components. As predicted, this confirms that the diamagnetic structure is B independent.
5.1.5. Repartition of the n-mixing interaction among the components of the odd n =30, M = 0 manifold. The importance of the n-mixing interaction occurring at a given B strength can be estimated by the quantities S,,(H), as described in equation (11).
They are plotted in figure 11 , against B4, for the three preceding values of B and for (11)) is plotted against B4. Note the dilatation of the negative ordinate scale and the completely different behaviour for states with K < 10 and K > 11.
each K state. It appears clearly that the n-mixing interaction increases with B and that it is more important for the higher excited states of the manifold. When the n-mixing effect is non-negligible, the diagonalisation process can be considered as a two-step procedure. In the first step, 'prediagonalised states' \no, AnoKo) are determined by diagonalising the A operator-or equivalently the p2 operatorwithin single no manifolds. In the second step the n-mixing effects are explicitly introduced in the diagonalisation. The eigenfunctions I/J,,,~, are expanded on the basis of 'prediagonalised states' c a:21n,AnK)* (13) n K By treating the diamagnetic interaction as a perturbation, the coefficients can be expanded as:
As stated in 0 4(iii), the quantity AVp(H)& represents the mean value of the A operator calculated using the eigenfunction (FIHoKo. The A operator being diagonal with respect to n, the n-mixing interaction introduces in A,,(H). a correction proportional to B4. This result is clear in figure 11 where c?,,(H)~ (equation (11)) is plotted against B4; it is represented by a bunch of straight lines passing approximately through the origin.
Furthermore, one observes for these straight lines a large and positive slope for the K = 1 to K = 10 states, this slope decreasing with increasing K, and a negative and much smaller slope for the K = 11 to K = 15 states, the slope not varying continuously with K .
From figure 11 , it is obvious that the two classes of states of the diamagnetic manifold behave completely differently with regard to the n-mixing interaction.
More detailed information on the n-mixing effects are obtained from the study of the eigenstates (13). More precisely it is possible on the one hand to determine the weights of the different n manifolds in the diagonalised eigenfunction $noKO; these weights are equal to and on the other hand to evaluate the partial contributions to the mean value of the A operator, arising from the different n subspaces; these contributions are equal to As a result in a given no manifold, the importance of the inter-n mixing ( A z 0~0 )~ ( n # no) decreases from the top (small KO values) to the bottom (large KO values) of the manifold. In fact this behaviour is linked to the different spatial localisation of the high-and low-energy states. The high-energy states localised in the x , y plane, where the diamagnetic interaction takes place, will strongly mix among themselves at very high field strengths. On the contrary, the low-energy states stretched along the z direction are hardly affected by the diamagnetic interaction even at very high field strengths (Hose et a1 1985) . These conclusions are to be compared with previous results (Wintgen and Friedrich 1986, Delande and Gay 1986b) obtained by explicitly exploiting the O(4) supersymmetry of the field-free hydrogen atom. In such an approach a complete basis for diagonalising H , (equation (1)) is the basis of products of oscillator states IN,N,) which are eigenstates for y = O . In this basis the n manifold is equivalent to the oscillator shell n = N = N, + N, + / A 4 + 1. Wintgen and Friedrich (1986) have diagonalised H, in each oscillator shell, constructing the prediagonalised states INK) with a given total parity. They have shown that for small K values, the K-mixing matrix elements (NKIH,IN'K') ( N f N ' ) are very small. It is the opposite for large K values-appreciable matrix elements connect the state INK) with the states As a result, the operator A is associated with an approximate constant of the motion remaining valid far into the n-mixing regime. Indeed for small K values, different n manifolds interact but this mixing is such that it preserves the mean value of the A operator. For large K values the n mixing is negligible even for large B strengths which does not modify the mean value of the operator A. For intermediate K values the mixing of different manifolds is non-negligible; furthermore this mixing introduces different mean values (A):oKo. As a result, chaos can be shown to occur first in the region of the separatrix A = 0 (Delande and Gay 1986b) .
I N'K * 1).
5.1.6. Repartition of the non-Coulombic interaction among the components of the odd n =30, M = 0 manifold. The part of the interaction due to lithium core effects occurring on each component of a given manifold can be estimated by the quantities 6,,(Li)K as mentioned in equation (12). They are shown in figure 12 for the three preceding values of B. -, 1.65 T; ---, 1.94 T; ----, 2.33 T.
When B increases the non-Coulombic interaction tends to become, on the whole, negligible and the hydrogenic character of the manifold is more and more pronounced. Furthermore, the non-Coulombic character for the K = 15 component is larger by a factor of 10 than for the other components, which is linked to the oscillator strength distribution. Indeed the K = 15 component is the most intense in the photoexcitation spectrum (figure 6). Furthermore, the one-photon absorption process from the ground state allows us to investigate in the wavefunction of the excited state, the weight of the p component, that is of the component carrying the non-hydrogenic character.
Evolution of the structure of dirfferent M=O, B=2.33 T o d d manifolds of lithium with increasing n value.
The corresponding experimental recording, obtained for B = 2.33 T is shown in figure 13 . The ranges of energy and magnetic field which are concerned here, are situated beyond the weak-field limit (~n "~ = 1.7); furthermore the n = 33 manifold directly overlaps the preceding one.
To analyse these structures, the energy spacing between components is plotted against the x coordinate (see definition in 0 3.3) in figure 14. The curves corresponding to the n , and n2 manifolds are approximately homothetic with the ratio ( nz/ n,)' and present the characteristic singularity at x = ( v -2O,)/.ir. They thus give proof of the conservation of diamagnetic structure far from the weak-field limit and ensure, as predicted, its independence of n. The repartition of the n-mixing interaction among the components of each preceding n manifold is estimated by the quantities 6,,(H), and is plotted in figure 15 against the x coordinate. One can still conclude on a different behaviour for each class of states as previously mentioned; the upper components are the most sensitive to the n-mixing interaction and more especially as the excitation increases. The three curves obtained are approximately homothetic with ratio (n2/nl)n with a = 14. Indeed, the corrective term on the eigenstates, to first-order perturbation theory, is proportional to the diamagnetic matrix element, as n4, and inversely proportional to the unperturbed This allows us to attribute to a given state the assignment In, K) by diabatic continuity with the weak-field region. The slopes of the empirical straight lines are proportional to the mean value of p2 and then confirm the predicted localisation of the wavefunctions of the states: stretching along the B direction for the lower states and localisation near the plane z = 0 for the upper states. On the spectrum obtained for B=3.502T (figure 17) we have identified the 15 components coming from the n = 31, M = 0 manifold. At such a B strength, strong n mixing occurs, leading to alterations in the intensity distribution. Nevertheless, the energy spacing between components presents the singularity characteristic of diamagnetism (see figure 18) showing that the fundamental features of the diamagnetic structure subsist far from the weak-field limit.
The following section is devoted to the analysis of the structure of the lA4 = 1 manifold.
Structure of the /MI= 1 odd diamagnetic manifold of lithium
The experimental spectrum of the odd n = 30, (MI = 1, B = 1.94 T diamagnetic manifold of lithium is shown in figure 19(a) . As already mentioned, it corresponds to the superposition of two identical spectra with M = +l and M = -1 shifted in energy by the quantity hw,. The contribution of the paramagnetic interaction ktfhw, can be eliminated which leads to the 'experimental' diamagnetic spectrum ( figure 19( b ) ) . The oscillator strength repartition is such that only 10 among the 15 components can be observed. The diagonalisation calculation ( figure 19( c) ) confirms the absolute wavenumbers and the intensities of the observed lines and indicates that they correspond to the highest states of the manifold. It can be shown that the.reduced quantities Avp(Li)K change sign between the values 10 and 11 of K which corresponds to the minimum energy spacing. The conclusions concerning the two different types of behaviour for the states of a given n, \MI = 1 manifold are then similar to those of the --. preceding section and we will only give here a few remarks concerning the repartition of the non-Coulombic effects among the components.
The comparison of the intensity distribution in the calculated spectra for lithium and hydrogen is shown in figures 19( c ) and ( d ) . For hydrogen the most excited K = 1 component is four times more intense and the intensity decrease along successive K = 2,3,4 components is more pronounced. The lithium core effects are responsible for these phenomena. They are estimated by calculating the quantities Svp(Li)K (see equation (12) From several recordings obtained in U polarised light we have constructed the diagram of evolution with B2 of the energy levels for successive manifolds and we have carefully analysed the anticrossings occurring between the n = 30, K = 1 state and the n = 31, K = 5,6,7 and 8 states. These results are reported elsewhere (Cacciani et a1 1986b) : the waists of the anticrossings are attributed to lithium core effects, the coupling between different n manifolds brings small contributions which cannot be detected in these experiments. The following spectra are obtained with the two-step excitation experiment which allows population of more hydrogenic even states M = 1 and M = 2. The first step in the excitation process is U polarised; it is locked on a well defined transition corresponding to the excitation of the 2p M = +1 Paschen-Back state.
Furthermore, this experiment is a high-resolution one, which allows us to analyse more excited Rydberg states in the presence of lower magnetic field strengths. The results presented are obtained for B = 0.584 T and for the even manifolds n = 42 and 43 (yn"*= 1.2). Figure 21 shows the U -7~ spectrum. The diamagnetic manifold of even states with n = 42, M = +1 consists of twenty components. The energy spacing between two consecutive components is minimum between the lines K = 15 and K = 16. The structure of the n = 42, M = +l even diamagnetic manifold is made up of two classes of states, the number of states in each class satisfying the equations (9) and (10). The intensity of the lines gives information on the weight of the d component in the wavefunctions of the excited states.
For the most excited components of the multiplet, the width of the lines is approximately equal to the instrumental width. In the low part of the spectrum broader structures appear: the widths of these lines can be ascribed to the presence in the interaction region of a residual inhomogeneous electric field. The component of this residual electric field in the direction parallel to the magnetic field strongly modifies the energies of the lower states in the manifold because these states are associated with wavefunctions strongly stretched along the B direction (Cacciani et a1 1988a) . The maximum amplitude of F in the B direction can be evaluated from the experimental width (750 MHz); it is of the order of 150 mV cm-I. Figure 22 presents the U -U spectrum. Then final even states with M = 0 or +2 can be excited in the second step. The present excitation process gives information on the weights of the s and d components in the wavefunctions of the final states. However, the electric dipole transition integral (2plrlnd) is larger than the (2p)rlns) one. Therefore, the lines observed at the right-hand side of the spectrum are identified as being the 21 components of the n = 43, M = +2 even manifold. The energy spacing between two consecutive lines passes through a minimum between K = 15, K + 1 = 16. As predicted from equations (9) and (10) the lower class of states consists of six states, meanwhile 15 even states are present in the upper part. The line observed at the left-hand side is identified as corresponding to the 43s, M = 0 state with a large non-hydrogenic character S, = 0.4; this state is shifted in energy from the incomplete n = 43, M = 0 manifold by the quantity (in atomic units)
The excitation rate of the states of the incomplete n = 43, M = 0 even manifold is insufficient to permit the observation of the corresponding states. The M = +2 states undergo a paramagnetic shift hw, = y = 0.56 cm-' which contributes to increasing the energy difference between the M = 0 and M = 2 lines.
Conclusion
The detailed analysis of the structure of the odd diamagnetic manifold of lithium has provided experimental evidence for two different types of behaviour for the diamagnetic state. These two classes of states have been linked to a different sign for the approximate constant of motion A, as predicted by previous theories, developed for the hydrogen atom. The possibility of changing the parameters of the study (intensity of the field, spectral domain to explore) without losing the particular qualities of our experimental set-up, has allowed us to obtain unambiguous confirmation of the existence of the n and B independent limiting condition A = 0, which constitutes the key property of diamagnetism. It has also given us the opportunity of performing careful quantitative analysis of lithium core effects and n-mixing interactions. The fundamental characteristics of diamagnetism have been pointed out together with the important result that these properties are conserved far from the weak-field limit and even subsist when successive manifolds overlap.
The two types of diamagnetic hydrogenic states which show opposite properties-in particular concerning degeneracy and spatial localisation of the wavefunctions-are expected to behave differently when an additional electric field F is applied in the B direction. In this new situation, where M remains an exact quantum number and where parity mixing occurs, one can expect a linear Stark effect for the lower-energy part of the manifold and a quadratic Stark effect for the upper-energy part.
A complete theoretical analysis of hydrogen Rydberg states in the presence of parallel electric and magnetic fields is achieved and reported in the next paper (Cacciani  et a1 1988a) . The third paper of this series is devoted to the study of the experimental data obtained for the lithium atom submitted to parallel fields (Cacciani et a1 1988b) ,
